The heterochronic genes lin-28, let-7 and lin-41 regulate fundamental developmental transitions in animals, such as stemness versus differentiation and juvenile versus adult states. We identify a new heterochronic gene, lep-2, in Caenorhabditis elegans. Mutations in lep-2 cause a delay in the juvenile-to-adult transition, with adult males retaining pointed, juvenile tail tips, and displaying defective sexual behaviors. In both sexes, lep-2 mutants fail to cease molting or produce an adult cuticle. We find that LEP-2 post-translationally regulates LIN-28 by promoting LIN-28 protein degradation. lep-2 encodes the sole C. elegans ortholog of the Makorin (Mkrn) family of proteins. Like lin-28 and other heterochronic pathway members, vertebrate Mkrns are involved in developmental switches, including the timing of pubertal onset in humans. Based on shared roles, conservation and the interaction between lep-2 and lin-28 shown here, we propose that Mkrns, together with other heterochronic genes, constitute an evolutionarily ancient conserved module regulating switches in development.
INTRODUCTION
LIN-28 is a well-conserved RNA-binding protein that acts at the core of a molecular switch regulating fundamental developmental transitions. For example, LIN-28 is involved in the transition between stemness and differentiation in normal development, wound healing, induced pluripotent stem cells and cancer (ShyhChang et al., 2013; Thornton and Gregory, 2012; Tsialikas and Romer-Seibert, 2015) . Another transition regulated by LIN-28 is the juvenile-to-adult (J/A) transition in mammals, flies and nematodes Tsialikas and RomerSeibert, 2015) .
In the nematode Caenorhabditis elegans, the J/A and larval transitions are regulated by the 'heterochronic pathway', of which LIN-28 is a founding member (Ambros and Horvitz, 1984) . During the transition from the fourth larval stage to the adult, C. elegans worms synthesize an adult-specific cuticle and undergo morphogenesis to form a vulva in hermaphrodites and the copulatory structure called the 'male tail' in males (Cox et al., 1980; Sulston et al., 1980; Sulston and Horvitz, 1977) . Also, the seam cells, a row of stem-like cells along each side of the animal, exit the cell cycle, fuse and form a ridged cuticular structure called alae (Ambros and Horvitz, 1984) . These cells and their stage-specific division pattern have been the focus of most studies elucidating the heterochronic pathway in C. elegans (Rougvie and Moss, 2013) . Mutations in heterochronic genes cause alae to appear earlier or later than normal. Loss-of-function lin-28 mutations result in the precocious formation of alae prior to the adult stage (Ambros and Horvitz, 1984; Moss et al., 1997) . By contrast, constitutive expression of LIN-28 causes reiteration of early seam cell states, thus preventing adult alae from forming (Moss et al., 1997) .
That LIN-28 regulates the J/A transition in mammals as well as invertebrates has been demonstrated by several studies. In humans and mice, genetic variation in lin-28 homologs is associated with heterochronic transformations at the age when the J/A transition ( pubertal onset) occurs (Gajdos et al., 2010; Ong et al., 2009; Perry et al., 2009; Zhu et al., 2010) . Transgenic mice overexpressing Lin28a have delayed puberty; Lin28a knockout mice exhibit precocious puberty phenotypes similar to those associated with LIN28B genetic variants in humans (Gajdos et al., 2010; Hannon et al., 2006; Ong et al., 2009; Perry et al., 2009; Zhu et al., 2010 Zhu et al., , 2011 .
It is increasingly clear from studies in several systems that lin-28 usually works with two other genes, let-7 and lin-41/Trim71, in a conserved 'axis' of negative interactions Tsialikas and Romer-Seibert, 2015) . Besides being involved in the J/A transition, this axis controls many stemness-differentiation transitions. LIN-28 is highly expressed in undifferentiated embryonic stem cells (ESCs) and declines during subsequent development Tsialikas and Romer-Seibert, 2015) . LIN-28 inhibits the biogenesis of the mature form of the let-7 microRNA (miRNA) (Newman et al., 2008; Piskounova et al., 2008; Van Wynsberghe et al., 2011; Viswanathan et al., 2008) . When LIN-28 is downregulated, mature let-7 miRNA is produced, directing cells toward differentiated/adult fates (Copley et al., 2013; Hayes and Ruvkun, 2006; Rybak et al., 2008; Thornton and Gregory, 2012; Tsialikas and Romer-Seibert, 2015; Yu et al., 2007) by inhibiting the translation of primarily lin-41 and other target mRNAs (Ecsedi and Grosshans, 2013; Long et al., 2007; Slack et al., 2000; Vella et al., 2004a,b) . homologs are proposed to silence the translation of target mRNAs (Ecsedi and Grosshans, 2013; Ecsedi et al., 2015; Loedige et al., 2013; Sonoda and Wharton, 2001; Vella et al., 2004a,b) that otherwise promote an undifferentiated/juvenile state (Chang et al., 2012; Ecsedi and Grosshans, 2013; Rybak et al., 2009) .
Because of the conservation of the lin-28/let-7/lin-41 axis and its role in developmental transitions, the C. elegans J/A transition provides a good model for studying how this axis is regulated. In addition to studying the J/A transition in seam cells, we focus on male tail tip morphogenesis, which has allowed us to uncover novel heterochronic regulators. Here, we report the discovery that another conserved protein, Makorin (Mkrn), regulates LIN-28 at the posttranslational level. Evidence accumulated from vertebrate systems (Abreu et al., 2013; Kim et al., 2005; Mai et al., 2011; Salvatico et al., 2010) points to roles for Mkrns in developmental processes that overlap with those regulated by LIN-28. Thus, the regulatory interaction between Mkrn and LIN-28 that we find in C. elegans might be of general significance in animal development.
RESULTS

Four alleles of lep-2 identified in screens for male defects
The C. elegans male tail tip provides a simple model with which to study the regulation of the J/A transition (Nguyen et al., 1999) . This structure comprises four epithelial cells that originate during embryogenesis and form a conical, pointed tail tip. The tail tip remains pointed throughout the lifespan of the hermaphrodite. In males, however, it undergoes a morphogenetic change during the J/ A transition resulting in the rounded tail of the adult. During this tail tip morphogenesis (TTM), the four tail tip cells fuse to form a syncytium, which changes shape and moves anteriorly (Fig. 1A) . TTM is known to be under the control of the heterochronic genes lin-41 and let-7 (Del Rio-Albrechtsen et al., 2006) . In lin-41 loss-offunction (lf ) mutants, TTM occurs precociously in the L3 stage, whereas gain-of-function (gf ) mutations cause a delay (Del RioAlbrechtsen et al., 2006; Nguyen et al., 1999) . let-7(lf ) males also fail to undergo TTM in L4, and adults retain the juvenile tail tip (Del Rio-Albrechtsen et al., 2006; Vadla et al., 2012) . This phenotype is called Lep (Nguyen et al., 1999) .
To identify genes involved in TTM, we performed a TMP/UV mutagenesis screen for Lep male tails. One mutation identified in this screen, ny4, failed to complement three other recessive Lep mutants (bx73, bx147 and sy68) identified in independent forward genetic screens (S. Baird, S. Emmons and P. Sternberg, personal communication) (Table 1) . A further mutation, ok900, with the same phenotype was obtained from the C. elegans Deletion Mutant Consortium (C. elegans Deletion Mutant Consortium, 2012). In adult homozygous lep-2(lf ) males, the tail tip extends far beyond the fan, and L4 males show no evidence of retraction or fusion of tail tip cells (Fig. 1A,B) . This phenotype is 100% penetrant (Table 1) . lep-2(lf ) males exhibit otherwise normal male organs (i.e. gonads, spicules, fans and rays), yet are unable to sire progeny. Homozygous lep-2(lf ) males born to a heterozygous mother have wild-type tails ( Table 1 ), indicating that lep-2 may be deposited by the mother.
lep-2 is required for the proper timing of TTM TTM is controlled by the master regulatory gene dmd-3, which integrates temporal, spatial and sexual cues and controls downstream effectors of tail tip cell fusion and retraction (Mason et al., 2008; Nelson et al., 2011) . dmd-3 is expressed in tail tip cells of wild-type males from early to mid-L4 (Fig. 1C) (Mason et al., 2008) . By investigating the expression of a dmd-3>YFP transcriptional reporter we found that, in lep-2 mutant males, dmd-3 transcription does not occur during L4 but is delayed to adulthood (Fig. 1D) .
The Lep phenotype can result from a general failure of TTM, as in dmd-3 mutants (Mason et al., 2008) , or from a failure to initiate TTM at the correct time, as in lin-41(gf ) and let-7(lf ) mutants in which TTM occurs in adults (Del Rio-Albrechtsen et al., 2006) . To test if lep-2 is involved in the timing of TTM, we studied tail tips of young adult lep-2(lf ) males. We observed that the tail tip cells had detached from the cuticle and began to round up and retract (Fig. 1E) . We also found evidence of tail tip cell fusion in older lep-2(lf ) males (Fig. 1B, inset) . Delayed, adult TTM was observed in all lep-2 alleles.
Taken together, these observations suggest that lep-2 is required for the proper timing of TTM. We thus hypothesized that lep-2 acts in the heterochronic pathway.
lep-2 affects tissues other than the tail tip Several mutants for lep-2 were isolated in screens for male phenotypes, but never in screens that focused on the development of seam cells. We therefore tested if lep-2 mutations affect the male tail tip specifically or also other tissues.
Observation of lep-2 mutants on culture plates revealed that some males and hermaphrodites had undergone an additional molt. Such males usually failed to fully shed the molted cuticle and died by rupturing through the cloaca. Occasional survivors had no spicules or fan and the rays appeared as finger-like processes. A systematic study of males 1 day after they had reached adulthood revealed that the majority had initiated an additional molt (Table S1 ). Thus, mutations in lep-2 affect hypodermal tissues other than the tail tip and the animals fail to exit the molting cycle. To test whether lep-2(lf ) adults have an adult cuticle, we examined the adult collagen ROL-1, which is absent from the larval cuticle (Cox et al., 1980) . Mutation of rol-1 causes a highly penetrant (95.2%, n=289) Rol phenotype in adults only (Table S1 ). However, in GFP. The tail tip is conical in early L4. In wild type, tail tip retraction (arrow) and cell fusion (visible as breakdown of the adherens junctions, arrowhead and inset) begins in mid L4. The adult tail tip is fully retracted. lep-2(bx73) male tail tips do not undergo morphogenesis during L4. The adult tail tips are long, unretracted (arrows) and the tail tip cells are unfused. Punctate AJM-1::GFP staining indicates tail tip cell fusion in adult males (arrowhead and inset). (C, D) Expression of a dmd-3 transcriptional reporter (right) during TTM in wild-type males (C) and lep-2(lf ) mutants (D). In wild type, dmd-3>YFP is expressed in the tail tip from early to mid-L4. Expression diminishes in late L4. In lep-2(bx73) mutants, the reporter is not expressed in early or mid-L4, but turns on in the tail tips of some late L4 and adult males. (E) DIC images of tail tips of an adult lep-2 (bx73) and lep-2(ok900) mutant, showing adult tail tip retraction.
rol-1(e91); lep-2(ok900) mutants, the Rol phenotype is rare (8.5%, n=258) (Table S1 ). Thus, lep-2 is required for formation of the adult cuticle.
Interestingly, although lep-2(lf ) adults lack the adult collagen ROL-1, they display normal alae. To test whether seam cell fusion or seam cell exit from the cell cycle was affected in lep-2 mutants, we investigated young adults in which adherens junctions and seam cell nuclei were labeled with GFP. All had a fully fused seam and the normal number of seam cells (Table S2) . We conclude that lep-2 is required for the terminal differentiation of most of the hypodermis, but that in the seam cells it is either not needed or acts redundantly with other factors.
Two alleles of lep-2 were isolated in screens for defects in male mating: lep-2(sy68) was found in a screen for males that do not sire progeny (P. Sternberg, personal communication); and lep-2(bx147)
was found in a screen for males that do not show the typical leaving behavior in the absence of hermaphrodites (Lipton et al., 2004) . Indeed, all mutant alleles of lep-2 cause male infertility, although gonads, spicules and fans appear normal, and it is known that a Lep tail alone does not affect male fertility (Del Rio-Albrechtsen et al., 2006) . To test if lep-2 affects mating behavior, we investigated the performance of lep-2 mutant males in a standard mating assay. Wild-type C. elegans males mate with a stereotypical pattern of behaviors (Barr and Garcia, 2006) and, in our assays, all wild-type males quickly located a vulva and copulated (Fig. 2, Fig. S1 , Movie 1). By contrast, many of the lep-2 mutant males failed to contact a hermaphrodite during the 60 min assay time and only two out of 32 copulated (Fig. 2) . Of the lep-2(lf ) males that initiated mating behavior, several lost contact with the hermaphrodite (Movie 2). These observations indicate that lep-2 males are Wild-type males showed the known suite of mating behaviors (Barr and Garcia, 2006) , which include the initial contact of the male tail with the hermaphrodite, scanning the hermaphrodite for the vulva, precise ventral turns when the male reaches the end of its mate, and a successful copulation. lep-2(lf ) males were unable to perform normal mating behavior. Shown are data for (A) the time it took a male to make first contact with a hermaphrodite and (B) the time it took for the male to copulate. Wild-type males contacted a hermaphrodite and copulated in less than 20 min. Most mutant males took much longer to contact a mate and all but two males never copulated. The defect is rescued in males that had developed as dauer larvae (PD).
infertile because they do not perform proper mating behavior. Considering the other developmentally delayed phenotypes of lep-2 mutants, it is possible that the behavioral defects are due to retarded differentiation of the nervous system. The mutant phenotypes of the heterochronic genes lin-4, lin-14, lin-28 and hbl-1 are suppressed when the animals pass through the dauer stage (Abrahante et al., 2003; Euling and Ambros, 1996; Liu and Ambros, 1991) . We found that the same is true for lep-2. After passage through the dauer stage, lep-2 mutant males had fully retracted tails (Table 1) , there was no evidence of supernumerary molts (Table S1 ) and the Rol phenotype was restored in rol-1(e91); lep-2(lf ) animals, indicating that they synthesized an adult cuticle (Table S1 ). We also found that nine out of ten adult males that had developed as dauers performed normal mating behavior and sired progeny (Fig. 2, Fig. S1 ).
Taken together, our observations of the different mutant phenotypes confirm that lep-2 is a bona fide heterochronic gene affecting the J/A transition.
LEP-2 is a Makorin
The lep-2(ny4) allele was generated with TMP/UV, which results in genomic deletions (Yandell et al., 1994) . Therefore, we chose to map this allele by array comparative genomic hybridization (array CGH) (Flibotte and Moerman, 2008) . Array CGH identified a region of ∼8 kb on the left arm of chromosome IV that is absent in ny4 (Fig. 3A, Fig. S2 ). This deletion removes coding sequences from Y55F3AM.6 and Y55F3AM.7 (Fig. S2B) . A mutant allele, ok900, in which 1.4 kb of the Y55F3AM.6 coding sequence is deleted, produces males with a Lep phenotype and fails to complement the other lep-2 alleles (Table 1) . Transformation of ok900 animals with wild-type Y55F3AM.6 DNA rescues the Lep phenotype to 95% (Table 1) . Thus, lep-2 corresponds to Y55F3AM.6.
lep-2 encodes a protein with two predicted isoforms ( Fig. 3B ) and is the sole C. elegans Makorin (Mkrn). Mkrns are putative developmental regulators that can bind nucleic acid and act as E3 ubiquitin ligases and are conserved in eukaryotes from humans to rice (Arumugam et al., 2007; Gray et al., 2000) . Mkrns, including LEP-2, possess a conserved array of protein motifs: C3H-type zinc fingers (ZFs) flanking a RING domain (Fig. 3C) . The deletion ny4 removes most of Y55F3AM.6, suggesting that it is a molecular null mutation. We found that the lep-2 alleles sy68 and bx147 are point mutations that cause amino acid changes in conserved cysteine or histidine residues within the first C3H-ZF (Fig. 3C,D) . The bx73 mutation introduces a premature stop codon after the first two C3H-ZFs (Fig. 3C ).
lep-2 is widely expressed throughout development
To examine where and when lep-2 is expressed, we generated a GFP::LEP-2 translational reporter that includes the coding region of the shorter isoform plus 235 bp downstream, and is driven by a 2 kb region upstream of the start codon (Fig. S3A) . Transformation of lep-2(bx73) with this construct rescued the Lep phenotype (eight lines, n>100, Table 1 ). GFP::LEP-2 is expressed throughout development from embryo to adult. It is seen in many tissues, including seam, tail tip and other hypodermal cells, head and tail neurons, pharynx, intestine and the developing hermaphroditic somatic gonad (Fig. S3) . Expression seems to be excluded from body muscle cells. The reporter is diffusely expressed in the cytoplasm but absent from nuclei. Therefore, the cytoplasm might be the primary site of action for LEP-2. (Fig. 4A) . Thus, lep-2 acts upstream of, or in parallel to, lin-41 in TTM. lin-41 mRNA is negatively regulated by let-7, the loss-of-function alleles of which have a strong Lep phenotype (Del Rio-Albrechtsen et al., 2006; Vadla et al., 2012) . To test the genetic interaction between lep-2 and let-7, we used the let-7 overexpression construct zaIs3[let-7(+); myo-3:: GFP], which increases the level of mature let-7 ∼5-fold (Büssing et al., 2008) . In the wild-type background, this transgene causes 15% of males to precociously retract their tail tips during the L3 stage (indicated by a rounded L4 tail tip) ( Table 2 ). Adult male tails appear wild type (Fig. 4A) , suggesting that TTM is robust to moderate changes in let-7 levels. However, addition of let-7 via the zaIs3 transgene in the lep-2(lf ) genetic background was sufficient to suppress the Lep phenotype in 43% of males (Fig. 4A) . We conclude that lep-2 acts upstream of, or in parallel to, let-7.
From work on seam cell development it is known that LIN-28 inhibits the biogenesis of mature let-7 miRNA, thereby preventing early L3-to-L4 transition and precocious adult fates (Vadla et al., 2012; Van Wynsberghe et al., 2011) . However, it was not known if lin-28 plays a role in TTM. We therefore investigated L3, L4 and adult males in which lin-28 was mutated or knocked down by RNAi. In both situations, TTM began precociously during the L3 stage and continued during L4, leading to a severe Ore phenotype in adults (Fig. 4A ,C, Table 2 ). Knowing that lin-28 regulates the timing of TTM, we next tested whether it is epistatic to lep-2 by knocking down lin-28 by RNAi in a lep-2 mutant and by creating a lep-2(lf ); lin-28(lf ) double mutant. In both experiments, males initiated TTM in the L3 stage, leading to adults with wild-type-like or Ore tails, an almost complete copy of the lin-28(lf ) phenotype (Fig. 4C) . Therefore, lep-2 acts upstream of, or in parallel to, lin-28.
Another heterochronic gene with a precocious phenotype is lin-14. In the context of seam development, lin-14 and lin-28 promote each other's expression via an indirect feedback circuit (Pepper et al., 2004) . We found that loss of LIN-14 causes a strong precocious phenotype, with TTM beginning in L3 and Ore tails in adult males (Fig. 4A,D , Table 2 ). Thus, lin-14 is also involved in the timing of TTM. Males that were mutant for both lin-14 and lep-2 showed no change in penetrance or expressivity of the Lep phenotype typical for lep-2. We conclude that lep-2 acts downstream of lin-14 and upstream of lin-28, and that lep-2 is a negative regulator of lin-28.
LEP-2 regulates LIN-28 at the protein level by affecting its stability
Our epistasis experiments indicated that lep-2 represses lin-28. We thus hypothesized that the level of LIN-28 is elevated in lep-2(lf) animals. To test this, we examined the expression of a lin-28>LIN-28::GFP::lin-28_3′UTR reporter in lep-2(lf) mutants. In wild-type L1 and L2 larvae, this reporter is cytoplasmically expressed in the epidermis, including the seam and the tail tip, in the pharynx and in the nervous system. Fluorescence is particularly bright in ganglia in the pharynx and anal regions. Reporter expression diminishes during the L3 stage and is largely absent by L4. In lep-2(lf), expression of the reporter in L1 and L2 was similar to that observed in wild-type animals. However, fluorescence remained bright until adulthood in all tissues including the tail tip (Fig. S4) . Thus, in lep-2(lf ) mutants, LIN-28 protein is not properly downregulated. To determine if endogenous LIN-28 protein levels are affected by lep-2(lf), we performed western blot analysis on proteins isolated from L1 and L3 wild-type and lep-2(ny4) animals ( Fig. 5A ) using polyclonal anti-LIN-28 antibodies that recognize two LIN-28 isoforms (Seggerson et al., 2002; Weaver et al., 2014) . We found that in wild-type animals LIN-28 levels between L1 and L3 decreased by a factor of 6, consistent with the literature (Seggerson et al., 2002; Weaver et al., 2014) . However, in lep-2 mutants (bx73, ny4, ok900 were tested), LIN-28 levels decreased by only a factor of 3, resulting in L3 levels twice as high as in wild type (Fig. 5A, Fig. S4B ).
To assess whether the downregulation of lin-28 by LEP-2 occurs at the level of lin-28 mRNA or at the protein level, we performed quantitative PCR with mRNA isolated from synchronized L1 and L3 larvae. In wild-type animals, lin-28 mRNA levels decreased by a factor of 5 between L1 and L3, similar to previous findings (Bagga et al., 2005; Morita and Han, 2006; Stadler et al., 2012) . In lep-2(lf ) mutants, wild-type levels of lin-28 mRNA were observed for both stages (Fig. 5B) , showing that lin-28 mRNA is downregulated normally. Thus, lep-2 does not act on the amount of lin-28 mRNA but is required to reduce the level of LIN-28 protein after the L2 stage.
LEP-2 could act to downregulate LIN-28 protein in two ways: by slowing or blocking translation of lin-28 mRNA; or by promoting protein degradation. To distinguish between these possibilities, we used Dendra2, a fluorescent protein with an emission wavelength that can be irreversibly changed from green (507 nm) to red (573 nm) by exposure to short-wavelength light (Chudakov et al., 2007) (Fig. 5C ). This strategy allows one to test how long a protein endures after photoconversion (indicated by persistence of red). We created a lin-28>LIN-28::Dendra2::lin-28_3′UTR reporter, evaluated its expression in wild-type and lep-2(lf ) animals and found it to be consistent with that of the LIN-28::GFP reporter described above. For photoconversion experiments, we focused on the bright fluorescence of neurons in the pharynx region because immobilization was required for photoconversion and image acquisition, and tail tips could not be fully immobilized. Exposure to 405 nm light photoconverted almost all of the Dendra2, leading to a bright red signal with very little green. When wild-type larvae had reached the L3 stage, both green and red signals were almost completely absent (Fig. 5D ). This suggests that LIN-28::Dendra2 was efficiently degraded and that no new translation of LIN-28:: Dendra2 occurred. lep-2(lf ) animals showed a bright fluorescent signal 24 h after photoconversion (Fig. 5D) . In areas where LIN-28::Dendra2 protein was photoconverted in L2, fluorescence at the L3 stage was red. Thus, the excess LIN-28::Dendra2 seen in lep-2 (lf ) L3 larvae was already present at L2 and not nascent. We conclude that LEP-2 is required, directly or indirectly, for the degradation of LIN-28 after the L2 stage.
DISCUSSION
By studying male TTM in C. elegans, an event that occurs during the J/A transition, we discovered a new heterochronic gene, lep-2. In lep-2(lf ) mutants, TTM is delayed into the adult stage. This retarded heterochronic effect is not limited to the tail tip; lep-2 is also required for proper male mating behavior, as well as for adult cuticle formation and exit from the molting cycle in both sexes. Surprisingly, lep-2 is not required in the seam cells. This general requirement for lep-2 in many tissues suggests that it is likely to be an important component of the heterochronic pathway. We find that LEP-2 negatively regulates LIN-28 post-translationally by promoting LIN-28 degradation. Without LEP-2, LIN-28 is not properly degraded, delaying let-7-dependent adult differentiation.
Although several mechanisms have been identified that downregulate lin-28 mRNA stability or translation, little is known about the mechanism that eliminates LIN-28 protein. Translation of LIN-28 is downregulated by the lin-4 miRNA, possibly in concert with SEA-2 (Huang et al., 2011; Moss et al., 1997; Seggerson et al., 2002) . LIN-66 and DAF-12 regulate translation from the lin-28 mRNA independently of lin-4 (Huang et al., 2011; Morita and Han, 2006) . Most recently, it has been found that the caspase CED-3 cleaves the LIN-28 protein, presumably leading to subsequent degradation, but the heterochronic effect of ced-3(−) is subtle (Weaver et al., 2014) . Here, we show that lep-2 also affects LIN-28 stability but that loss of lep-2 results in strong heterochronic phenotypes. How LEP-2 regulates LIN-28 is not yet clear, but one simple model is that LEP-2 functions as an E3 ubiquitin ligase to tag LIN-28 for proteasomal degradation. Like other Mkrns, LEP-2 has a RING domain that is typical of many E3 ligases (Bohne et al., 2010; Gray et al., 2000) . Indeed, Mkrn1 in mammals functions as an E3 ligase, targeting several proteins and even itself, although has not yet been identified as one of its targets (Kim et al., 2005; Salvatico et al., 2010; Lee et al., 2009 Lee et al., , 2012 Ko et al., 2012; Shimada et al., 2009; Ko et al., 2010; Kim et al., 2014; Cassar et al., 2015) . In other contexts, Mkrns are also RNA-binding proteins, are localized to ribonucleoprotein granules, and have been found to sequester some mRNAs or promote their translation (Cano et al., 2010; Cassar et al., 2015; Gajdos et al., 2010; Kwon et al., 2013; Miroci et al., 2012; Cheung et al., 2010; Yang et al., 2008) . Thus, an alternative mechanism for LEP-2/Mkrn function could be to sequester, protect from degradation and/or promote the translation of an mRNA encoding another protein that promotes LIN-28 destruction. Testing these hypotheses is the focus of future studies in our lab.
Mkrns and LIN28 homologs are highly conserved; it is therefore possible that a regulatory connection between them is also conserved, such that they act together in similar developmental processes. Synthesizing data from the literature, we find two areas of overlap between LIN-28 and Mkrn function: both proteins are involved in transitions between undifferentiated and differentiated states and in the J/A transition.
Just as LIN-28 governs transitions between undifferentiated and differentiated states (Shyh-Chang et al., 2013; Rougvie and Moss, 2013; Thornton and Gregory, 2012; Tsialikas and Romer-Seibert, 2015) , upregulation of Mkrns in vertebrates is often linked with differentiation. For example, mouse and human Mkrn3 are expressed in differentiated cells derived from ESCs and are not expressed in proliferating ESCs (Jong et al., 1999a; Mai et al., 2011) . In fibroblasts that transition out of the cell cycle, Mkrn1 is upregulated 6-fold; in several cancer cell lines that are induced to differentiate using retinoic acid, Mkrn1 is upregulated as well (Salvatico et al., 2010) . MKRN1 ubiquitylates the human telomerase TERT, which is downregulated in switches from stemness toward differentiation and in tumor suppression (Kim et al., 2005) . During the reprogramming of mouse fibroblasts into induced pluripotent stem cells, Mkrn1 is co-regulated with a set of known differentiation markers (O'Malley et al., 2013) . Also, ectopic Mkrn2 in Xenopus results in a smaller head and shorter tail than normal (Yang et al., 2008) , a phenotype consistent with a precocious switch from proliferation to differentiation. These phenomena are consistent with a role for Mkrns in promoting differentiation by switching off LIN-28, which otherwise maintains an undifferentiated state. This role for Mkrn and LIN-28 might be context dependent, as there are instances in which LIN-28 promotes differentiation and where Mkrn is associated with undifferentiated states (Cassar et al., 2015; O'Malley et al., 2013; Polesskaya et al., 2007; Walker et al., 2007) .
Also like LIN-28, MKRN3 is involved in timing the onset of the human J/A transition (Abreu et al., 2013; Gajdos et al., 2010; Ong et al., 2009; Perry et al., 2009; Zhu et al., 2010) . Specifically, alleles expected to reduce or abolish MKRN3 function were implicated as causal factors of precocious pubertal onset as early as 5 years of age (Abreu et al., 2013) . MKRN3 resides in a paternally imprinted region called the Prader-Willi syndrome (PWS) critical region, and individuals with PWS have defects in pubertal timing (Crino et al., 2003; Jong et al., 1999b) . Interestingly, both MKRN3 and LIN28B variants are associated with precocious puberty (Abreu et al., 2013) . This is different from C. elegans, in which lin-28(lf ) mutants have precocious and lep-2(lf ) mutants have retarded J/A transitions. Therefore, the mode of the regulatory interaction in the J/A transition must have changed during evolution.
In summary, Mkrns and LIN-28/let-7 are highly conserved and are involved in juvenile-to-adult and stemness-to-differentiation transitions in animals as diverse as nematodes and humans. Thus, both are also likely to be part of a well-conserved axis that governs several fundamental developmental switches.
MATERIALS AND METHODS
Strains
Strains (Table 3) were cultured according to standard protocols (Brenner, 1974) and fed with Escherichia coli OP50-1. Unless otherwise mentioned, non-DF strains were obtained from the Caenorhabditis Genetics Center.
Microscopy
Worms were placed in a drop of 20 mM sodium azide or 1 mM levamisole on 5% (w/v) agar pads and studied at 400× or 1000× magnification with a Zeiss Axioskop with Nomarski (DIC) and epifluorescence optics. Images were recorded with a C4742-95 'Orca' Hamamatsu digital camera and Openlab 3.0.9 (Improvision). Confocal images were obtained on a Leica TCS SP8 X microscope. The 63× objective was used for image acquisition and z-stacks were obtained with 0.5 or 1 µm steps. Image editing was performed with ImageJ (http://rsb.info.nih.gov/ij/) and Photoshop (Adobe).
Mutagenesis screen for TTM defects
CB4088 hermaphrodites were mutagenized with trimethylpsoralen (TMP) and exposure to UV light. F1 hermaphrodites were isolated to produce the F2 generation, which were segregated. F3 male progeny of individual F2 were scored at 400× magnification for adult male tails that exhibited Lep tail tips.
Mapping lep-2
Genomic DNA was purified from wild-type (reference) and lep-2(ny4) (mutant) animals for comparative hybridization onto C. elegans wholegenome tiling arrays by Roche NimbleGen. The tiling arrays contained 385,179 randomly distributed (50-85mer) probes covering the entire C. elegans genome. The DNA samples were labeled with Cy3 or Cy5 and hybridized to the array. The ratio of fluorescence intensities was log 2 normalized using MATLAB (MathWorks). An 8.4 kb region on chromosome IV including sequences 2 kb upstream and 1.3 kb downstream of Y55F3AM.6 was PCR amplified from the wild-type and lep-2 mutant strains using primers #9 and #10 (Table S3) , then sequenced by GENEWIZ. The sequences were checked against the CB4088 genome sequence provided by K. Gunsalus (New York University) and S. Emmons (Albert Einstein College of Medicine).
Complementation tests
Although lep-2 males are normally sterile, those that have developed through dauer diapause can sire progeny. Genetic non-complementation was determined by crossing post-dauer lep2 mutant males with dpy-17-marked lep-2 hermaphrodites and examining the F1 non-Dpy cross progeny for the Lep phenotype at 400× magnification.
DNA transgene construction
Wild-type hermaphrodites were microinjected with DNA transgenes and pRF4=rol-6(su1006), a transformation marker producing a dominant Rol phenotype. To generate recombinant DNA constructs, we performed overlap-extension PCR as described previously (Nelson et al., 2011) . lep-2>GFP::lep-2 was made by amplifying lep-2 sequences from N2 DNA and GFP from pPD95.75 (Addgene) with primers #1-10 (Table S3) . lin28>lin-28::Dendra2::lin-28_3′UTR was made by amplifying lin-28 from N2 DNA and Dendra2 from pEG345 (Addgene) with primers #11-18 (Table S3) .
RNAi knockdown
RNAi was performed by feeding E. coli transformed with inducible RNAi vectors to mothers or larvae as previously described (Nelson et al., 2011) . The dsRNA-expressing bacterial strains for lin-14 and lin-41 were from the J. Ahringer library, and those for lin-28 from the M. Vidal library (Source Bioscience). For lin-14 and lin-28 RNAi, L4 hermaphrodites were treated and their male progeny scored as L3, L4 and adults for defects in TTM. For lin-41 RNAi, L1 larvae were fed and scored as L4 and adults. The L4440 plasmid was used as a negative control.
Mating assays
Mating assays were performed as previously described (Barr and Garcia, 2006) between unc-119(e2498) hermaphrodites and lep-2 mutant males. The day before the assay, 6-cm NGM plates were seeded with 18 µl OP50-1 at room temperature. L4 males and hermaphrodites from healthy, non-starved cultures were picked to same-sex plates and kept for 12 h to mature. On the assay day, three hermaphrodites and one test male were picked to the food patch of the mating plates and recovered for 5 min. Videos of the male behavior were recorded and evaluated for aspects of mating behavior, i.e. the time it took for the male tail to make contact with the hermaphrodite and copulate. Spicule insertion was used to identify copulation; sperm transfer was not assayed.
Quantitative PCR
lin-28 mRNA levels were measured in him-5(e1490) and lep-2(bx73) backgrounds at the L1 and L3 stages. Animals were collected using the hatch-off method with a 4-h window (Pepper et al., 2004) . For the L3 sample, L1 were fed for 27 h at 20°C. Total RNA was extracted using a modification of the tissue protocol for the RNeasy Micro Kit (Qiagen). DNase treatment was performed on-column. cDNA was generated from 250 ng total RNA using the double-primed RNA to cDNA EcoDry Premix system (Clontech). Quantitative PCR was performed with intron-spanning primers #19 and #20 (Table S3 ) using the iQ SYBR Green Supermix (Bio-Rad) with a two-step PCR protocol (3 min 95°C; 40 cycles of 10 s 95°C, 60 s 60°C; followed by melt curve analysis) on the MyiQ single-color real-time PCR detection system (Bio-Rad). Y45F10D.4 served as reference gene (Hoogewijs et al., 2008) . Unknowns were run in triplicates, standards in duplicates.
Western blot
Western blot analysis by SDS-PAGE was performed according to standard procedure. For the L1 sample, arrested L1 were placed on food and collected a few hours later. L3 samples were collected 24 h after plating arrested L1 at 20°C. Animals were washed twice with PBS, frozen in liquid nitrogen and ground in the presence of a protease inhibitor (Halt, Pierce), then SDS-PAGE loading buffer was added. Samples were heated to 95°C for 10 min and centrifuged to pellet the insoluble fraction. An aliquot was kept for Bradford assay. 10-20 µg total protein was loaded onto a 10% bis-Tris Bolt gel (Invitrogen). After electrophoresis and transfer to a nitrocellulose membrane, the blot was incubated overnight at 4°C with rabbit anti-LIN-28 polyclonal antibody (gifts from E. Moss, Rowan University, and M. Han, University of Colorado Boulder; 1:1000) and a mouse anti-actin monoclonal antibody (Sigma, A3853; 1:5000) to provide a loading control. The blot was incubated 45-60 min in the dark with fluorescent secondary antibodies (Licor, 827-11081 and 827-08364; 1:30,000) and scanned on a Licor infrared fluorescence scanner.
Photoconversion of Dendra2
To observe LIN-28 dynamics in lep-2 mutants, we transformed wild-type worms with a lin-28>lin-28::Dendra2::lin-28_3′UTR transgene. Fluorescence of the transgene was visualized by confocal microscopy. L2 stage animals were examined and fluorescence in the pharynx region was captured for the green and red channels by sequential scans. Dendra2 photoconversion was performed by exposing a section of the pharynx to brief flashes of 405 nm light with short rest periods between in 10-20 slices with ten successive scans of the z-plane. Sequential z-stacks of the exposed region were taken for the red and green channel to record the postphotoconversion fluorescent signal. The animal was recovered onto a plate with food and kept at 20°C for 24 h. The worms (now L3) were remounted, and another sequential z-stack was recorded. The image stacks were analyzed with ImageJ.
